Abstract: During the extraction of metal ions from a weak acidic chloride solution by ionic liquids consisting of an organophosphorus extractant and Aliquat 336, the equilibrium pH is sometimes observed to be higher than the initial pH. To compare the hydrogen ion extraction behavior of tertiary and quaternary amines, Alamine 336, Aliquat 336 and their mixture with Cyanex 272, and an ionic liquid (prepared by mixing Cyanex 272 and Aliquat 336, R 4 NA) were employed in solvent extraction experiments at a pH range from 0.05 to 5. R 4 NA showed the highest extraction percentage of hydrogen ions. The initial pH of the chloride solution had a great effect on the extraction of hydrogen ions and the equilibrium pH value produced by these extractants. The order of hydrogen ion extraction was R 4 NA>Alamine 336>mixture of Alamine 336 and Cyanex 272. The addition of sodium chloride improved phase separation. The solvent extraction reaction of hydrogen ions with R 4 NA in the chloride solution was verified by applying a slope analysis method to the extraction data. UV-Vis and FT-IR spectra indicated a strong interaction between the hydrogen ions and R 4 NA during the extraction. The obtained results provide some information on the change in solution pH during the extraction of metal ions from weak acidic solution by an ionic liquid (R 4 NA).
INTRODUCTION
Inorganic acids such as hydrochloric, nitric, and sulfuric acid have been widely used in hydrometallurgical processes for the dissolution of desired valuable metals from ores or secondary resources. The nature of these inorganic acids affects the subsequent processes used to separate the metal ions from the leaching solution. And because the effluents from these separation steps contain these inorganic acids, their disposal is of environmental concern [1, 2] . A number of methods are available to treat effluents containing inorganic acids, including neutralization, diffusion dialysis, membrane process, precipitation, solvent extraction, and ion exchange processes [3] [4] [5] .
Among these methods, solvent extraction is considered to be one of the most effective for extracting inorganic acids from effluents. During solvent extraction, the reaction between the extractants and the protons (hydrogen ions) of the acid might be responsible for the extraction of these acids. Tertiary amines such as Alamine 308 (tri-isooctyl amine), Alamine 336 (tri-C8-10 alkyl amines), TDA (tri-ndodecyl amine), TEHA (tris 2-ethylhexyl amine), TIOA (triisooctyl amine), and TOA (trioctylamine) are generally used for the selective extraction of hydrogen ions. Most of the extraction reactions follow the protonation mechanism [6] [7] [8] .
In another approach, neutral extractants such as TBP (tributyl phosphate), MDP (methyl diphenyl phosphate), and Cyanex 923 (a mixture of four trialkylphosphine oxides) can also extract hydrogen ions efficiently via the solvating mechanism [9, 10] and Cyanex 272 or their mixtures with other extractants has a significant effect on the extraction of hydrogen ions in inorganic acids [11, 12] . It has also been reported that some mixtures fail to enhance the extraction of hydrogen ions [6, 13] . Therefore, the hydrogen ion extraction behavior of binary mixed systems deserves investigation.
Ionic liquids, known as green chemicals, have been extensively employed in many fields and in many processes, including catalysis, electrochemistry, organic synthesis, and the separation and recovery of metals [14] [15] [16] [17] [18] [19] . However, very little research has investigated the use of ionic liquids to extract hydrogen ions. It has been observed that during the extraction of metal ions by ionic liquids, the equilibrium pH of the aqueous phase can be higher than the initial pH in the range from 3 to 6 [17, 18, 20] . Since metal ions can be precipitated when the solution pH is higher than a certain threshold, control of solution pH is very important in the continuous operation of solvent extraction.
In synergistic solvent extraction, the distribution ratios of the mixtures are higher than the sum of the distribution ratios of the individual components in the mixtures [21] . To the best of our knowledge, the mechanism of hydrogen ion extraction by ionic liquids has not yet been identified. Therefore, in this study, ionic liquids consisting of a mixture of Aliquat 336 and Cyanex 272 were employed to investigate the extraction of hydrogen ions. The mechanism of hydrogen ion extraction by ionic liquids was identified using the slope analysis method, and varying some parameters including solution pH, the concentration of the ionic liquid and chloride ions. The 
EXPERIMENTAL
The acidity of the solution was adjusted by adding doubly distilled water to concentrated HCl (Daejung Co., 35%). Additionally, the concentration of hydrogen ions in the aqueous phase was also measured before and after extraction by volumetric titration method [22] . When the solution pH was higher than 4, it was difficult to determine the (1) and (2-3), respectively [11, 24] . 
RESULTS AND DISCUSSION

Effect of pH on the extraction of hydrogen ions
R 3 N·HCl org + HA org = R 3 N·HA org + HCl aq
The results indicate that ion-pair formation, the protonation of amine, anion exchange, and displacement reactions can occur when an amine interacts with an organophosphorus acid [23] . Moreover, the extraction behavior of hydrogen ions by the above-mentioned extractants depends on the solution pH. Table 2 The formation of an emulsion and difficulty in phase separation were observed when the solution pH was higher than 0.5 while employing 0.5 M of each extractant. To circumvent these phenomena, sodium chloride was added to the solution. In addition, the solubility of some extractants in water implies that there is an interaction between the extractants and water molecules that may interfere the extraction of hydrogen ions (see Table 1 ). Figure 2 shows that the solvation of cations (Na 
Mechanism of hydrogen ion extraction
Since few studies have been conducted to analyze the hydrogen ion extraction behavior of the ionic liquid R 4 NA, ] in Figure 5 gives a straight line with a slope value lower than one, implying that the chloride ions take part in the reaction. Since one mole of hydrogen ions was extracted into the organic phase, it should be accompanied by one mole of chloride ions. Among the added chloride salts, some of the sodium chloride can interact with water molecules (see Fig. 2 ), while 
where Table 3. Based on Table 3 , there were some differences between this work and previous work in the results for equilibrium pH and the percentages of hydrogen ion extraction by the mixture of Alamine 336 and Cyanex 272 [12] . For instance, the extraction percentage of hydrogen ions by the mixture of Alamine 336 and Cyanex 272 in this system (98.5%) was higher than that in the previous work 
CONCLUSIONS
The solvent extraction of hydrogen ions from chloride solution was investigated using Alamine 336, Aliquat 336 and its mixture with Cyanex 272, and ionic liquids (R 4 NA).
The extractants' hydrogen ion extraction behavior was found to depend strongly on the solution pH. When the initial pH was increased, the equilibrium pH increased when using Alamine 336, the mixture of Alamine 336 and Cyanex 272, and R 4 NA. Among these three extractants, R 4 NA showed the best performance for the extraction of hydrogen ions when the initial pH range was from 0.05 to 5. The formation of an Superscript * represents the data reported from the reference [12] 대한금속 · 재료학회지 제57권 제3호 (2019년 3월) emulsion and difficulty in phase separation were observed, and suppressed by adding sodium chloride. UV-Vis and FT-IR spectra analyses verified the extracted species after hydrogen ion extraction by R 4 NA. The solvent extraction reaction of hydrogen ions by R 4 NA was determined by applying a slope analysis method to the extraction data.
Further work is necessary to develop a thermodynamic model which considers the change in solution pH during the extraction of metal ions in weak acidic solution by an ionic liquid.
